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(57) ABSTRACT

A multi-point temperature sensing method for integrated
circuit chips and a system of the same are revealed. The
system includes at least one slave temperature sensor
embedded at preset positions for measuring temperature of
a block and a master temperature sensor embedded in an
integrated circuit chip and electrically connected to each
slave temperature sensor. Variations of the slave temperature
sensor induced by variations of process, voltage and tem-
perature are corrected by the master temperature sensor.
Thus the area the temperature sensors required on the
integrated circuit chip is dramatically reduced and the sta-
bility of the temperature control system is improved. The
problem of conventional System-on-a-Chip that only a lim-
ited number of temperature sensors could be used due to the
area they occupied can be solved.

13 Claims, 11 Drawing Sheets
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MULTI-POINT TEMPERATURE SENSING
METHOD FOR INTEGRATED CIRCUIT
CHIP AND SYSTEM OF THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a multi-point temperature
sensing method for integrated circuit chips and a system of
the same, especially to a multi-point temperature sensing
method for integrated circuit chips and a system of the same
in which a master temperature sensor with a large area and
a certain precision is used to correct other slave temperature
sensors having a smaller area and a lower precision so as to
reduce the area the temperature sensors required in inte-
grated circuit chips dramatically and further improve stabil-
ity of a temperature control system in integrated circuit
chips.

2. Description of Related Art

Along with fast development of integrated-circuit tech-
nology, more and more transistors are placed on a single
chip. According to Moore’s law, the number of transistors on
integrated circuits doubles every 18 months. With the
advancement of manufacturing processes, the size of semi-
conductor devices moves from deep submicron- to nano-
meter scale. An increasing number of logic gates are packed
on a single chip. That means more and more functions are
integrated on the single chip. Trends in the Very Large Scale
Integration (VLSI) technology include more transistors,
faster clock rate, lower supply voltage, more circuit layers,
and more /O pins. These trends enable microprocessors,
memories, digital signal processors (DSP) and various inter-
faces included in complicated multi-chip systems to be
integrated into a single chip and a System-on-a-Chip (SoC)
is formed. However, the complicated functions and the
increasing chip density result in excessive power consump-
tion and associated thermal problems. In order to make the
SoC operate properly and avoid thermally induced errors or
even damages in the SoC, there is a need to provide a
method for monitoring the temperature of the SoC and a
system of the same.

Generally, an embedded temperature sensor used in SoC
is single-point detection. Refer to Taiwanese Pat. Pub. No.
1368839 “system for control of chip temperature and method
of the same”, the system uses an oscillation ring to detect
operating temperature of the chip. Not only the temperature
of the chip is detected, the temperature of the chip is also
modulated dynamically. The system for control of chip
temperature includes at least one temperature sensing unit
and a dynamic voltage regulator controller. The temperature
sensing unit is built in the chip and is composed of an
oscillation ring, a counter and decoder. The oscillation ring
has an oscillation frequency that is inversely proportional to
the temperature of the chip. The counter is electrically
connected to the oscillation ring for recording the oscillation
frequency and calculating a value according to the oscilla-
tion frequency. The decoder is electrically connected to the
counter for determining voltage provided to the chip accord-
ing to the calculated value. The dynamic voltage regulator
controller is electrically connected to the temperature sens-
ing unit for dynamically adjusting the voltage provided to
the chip according to determination of the decoder. Thereby
the system is easy to be integrated into the design of the chip
s0 as to achieve temperature detection and dynamic modu-
lation. Moreover, the temperature of the chip is monitored in
a real time manner so as to regulate the voltage and the clock
rate accordingly. Thus the reliability and yield rate of the

10

15

20

25

30

35

40

45

50

55

60

65

2

chip are improved significantly and the optimal operation
performance of the chip is ensured. However, the SoC
generally includes a plurality of circuits with different
functions. Each circuit has different power and temperature
corresponding to the function. In order to monitor the
temperature of each block of the circuit effectively and
prevent circuit malfunction caused by the temperature, there
is a need to have a multi-point temperature sensing mecha-
nism in the circuit.

Basically, a temperature sensor with certain precision has
a circuit for generating a signal that changes with tempera-
ture and having high linearity. Then the signal is converted
into digital code to be processed by a digital circuit at the
rear end. However, the circuit is usually quite complicated
and having a larger area for generating the signal that
changes with temperature and having high linearity. This is
a great burden for a system that requires several temperature
sensors. Refer to FIG. 11, a schematic drawing showing a
conventional multi-point temperature sensing system used
in integrated circuit (IC) chips. An integrated circuit chip 4
includes a plurality of blocks 41 that execute specific
functions respectively. In the block 41, there are many hot
spots that need to be monitored by temperature sensors 5.
The temperature sensor 5 with certain precision needs a
large area. This is due to that most of the temperature sensor
5 uses conventional proportional to absolute temperature
(PTAT) circuit to generate PTAT current. Then the current is
delivered to resistors in series and temperature voltage with
positive temperature coefficient (PTC) is obtained from a
plurality of end points of the resistors in series. Next the
temperature sensor 5 catches the corresponding temperature
voltage and compares the temperature voltage with refer-
ence voltage by means of multiplexer and comparator so as
to detect ambient temperature. However, the resistors in
series occupy a larger area on the chip to have more precise
resistance value if users want to get the temperature voltage
generated while the current flowing through the resistors in
series. These resistors in series are also affected by offset in
semiconductor processing. Moreover, during the design of
the resistors in series, a pull-up resistor electrically con-
nected to ground potential needs a larger resistance value
than other resistors in series so as to pull up the temperature
voltage greatly. Thus the temperature voltage and the refer-
ence voltage can be compared. The circuit area of the
temperature sensor 5 is further increased. Generally, one
temperature sensor 5 placed in the block 41 may occupy up
to one third (%3) area thereof. Thus it’s unable to arrange
many temperature sensors 5 in one block 41. And the
stability as well as reliability of the whole temperature
control system of the integrated circuit chip is reduced and
the damage probability caused by high temperature is
increased. There is a need to provide a novel multi-point
temperature sensing system that overcomes the shortcom-
ings of the prior art mentioned above.

SUMMARY OF THE INVENTION

Therefore it is a primary object of the present invention to
provide a multi-point temperature sensing method for inte-
grated circuit chips and a system of the same in which a
master temperature sensor having a large area and a certain
precision is used to correct slave temperature sensors with a
smaller area and a lower precision. Thus the area the
temperature sensors required in an integrated circuit chip is
reduced significantly and the stability of a temperature
control system in the integrated circuit chip is further
improved.
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In order to achieve the above object, a multi-point tem-
perature sensing system for integrated circuit chips accord-
ing to the present invention is provided. An integrated circuit
chip includes a plurality of blocks each of which executes
specific functions. The system includes at least one slave
temperature sensor embedded at preset positions for mea-
suring temperature of the block and a master temperature
sensor embedded in the integrated circuit chip and electri-
cally connected to each slave temperature sensor. The master
temperature sensor is used to correct variations of the slave
temperature sensor induced by variations of process, voltage
and temperature. Although the linearity of the slave tem-
perature sensor is not high and is easy to have offset with the
process, it has simple structure and small area. The layout
area of the slave temperature sensor is around one fortieth
(Y40) of that of the master temperature sensor (e.g. about
139). Thus the area of the temperature sensors occupied in
the IC chip is dramatically reduced. Therefore the tempera-
ture sensors can be used in each block of the IC chip 1 in a
larger amount without occupying too much area.

The master temperature sensor is composed of a PTAT
(proportional to absolute temperature) bias generator and an
analog-to-digital conversion module that receives signals
from the PTAT bias generator. The analog-to-digital conver-
sion module is preferably a successive approximation ana-
log-to-digital converter (SAR ADC). Moreover, the PTAT
bias generator includes a PTAT reference voltage generator
circuit having a pair of bipolar junction transistors (BJT), a
buffer circuit that receives signals output from the PTAT
reference voltage generator circuit and an operational ampli-
fier circuit that receives and amplifies signals output from
the buffer circuit.

As to the slave temperature sensor, it consists of an
oscillator and a counter electrically connected to the oscil-
lator. The oscillator has an oscillation frequency that is
controlled by a logic coding circuit and is changed linearly
along with the temperature being detected. The counter
records the oscillation frequency and outputs counting
results.

Furthermore, the present invention also provides a multi-
point temperature sensing method for integrated circuit
chips. The method includes a plurality of steps. First embed
at least one slave temperature sensor in blocks of an inte-
grated circuit chip so that each preset position for measuring
temperature of the block is arranged with slave temperature
sensor. Then mount a master temperature sensor in the
integrated circuit chip and the master temperature sensor is
electrically connected to each slave temperature sensor.
Variations of the slave temperature sensor induced by varia-
tions of process, voltage and temperature (PVT) are cor-
rected by the master temperature sensor. When the slave
temperature sensor has output offset/variation due to pro-
cess, voltage and temperature (PVT) variations, the offset/
variation is reduced by output of the master temperature
sensor in the way of offset correction. While the master
temperature sensor correcting the variations of the slave
temperature sensor caused by PVT variations, continuity of
tangency is further used for smoothing. Thereby the area the
temperature sensors require in the integrated circuit chip is
significantly reduced and the stability of the temperature
control system is increased. The problem of conventional
System-on-a-chip (SoC) that only a limited number of
temperature sensors could be used due to the area they
occupied can be solved.

BRIEF DESCRIPTION OF THE DRAWINGS

The structure and the technical means adopted by the
present invention to achieve the above and other objects can
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be best understood by referring to the following detailed
description of the preferred embodiments and the accompa-
nying drawings, wherein

FIG. 1 is a block diagram showing electrical connection
of an embodiment of a multi-point temperature sensing
system according to the present invention;

FIG. 2 is a schematic drawing showing steps of an
embodiment of a multi-point temperature sensing method
according to the present invention;

FIG. 3 is a block diagram showing electrical connection
of' an embodiment of a master temperature sensor according
to the present invention;

FIG. 4 is a circuit diagram of a proportional to absolute
temperature (PTAT) bias generator according to the present
invention;

FIG. 5 is a block diagram showing electrical connection
of an embodiment of a slave temperature sensor according
to the present invention;

FIG. 6 is a post-simulation result of a master temperature
sensor at a position TT of an integrated circuit chip accord-
ing to the present invention;

FIG. 7 is a post-simulation result of a master temperature
sensor at a position SS of an integrated circuit chip accord-
ing to the present invention;

FIG. 8 is a post-simulation result of a master temperature
sensor at a position FF of an integrated circuit chip accord-
ing to the present invention;

FIG. 9 shows post-simulation results of a salve tempera-
ture sensor at positions TT, SS and FF of an IC chip
according to the present invention;

FIG. 10 shows post-simulation results at positions TT, SS
and FF of an IC chip after variations of a salve temperature
sensor generated due to PVT variations being corrected by
a master temperature sensor according to the present inven-
tion;

FIG. 11 is a schematic drawing showing structure of a
conventional multi-point temperature sensing system used
in an integrated circuit chip.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Refer to FIG. 1, a block diagram showing electrical
connection of a multi-point temperature sensing system is
revealed. A flow chart showing steps of a multi-point tem-
perature sensing method is disclosed in FIG. 2. The multi-
point temperature sensing method including a first step S1
and a second step S2 can be applied to the multi-point
temperature sensing system shown in FIG. 1 for dramati-
cally reducing the area the conventional temperature sensors
occupied. Thus a large amount of temperature sensors can be
used in blocks 11 inside an integrated circuit (IC) chip 1
without occupying too much area. The multi-point tempera-
ture sensing system of the present invention includes at least
one slave temperature sensor 2 mounted in the block 11 and
a master temperature sensor 3.

The slave temperature sensors 2 are arranged at preset
positions of the block 11 the user intend to measure the
temperature. In this embodiment, the IC chip 1 can be a
microprocessor chip or a System-on-a-chip (SoC). When the
IC chip 1 is a SoC, it includes a plurality of blocks 11 that
execute specific functions and tasks such as blocks of digital
circuit, analog circuit, mixed signal circuit or radio fre-
quency circuit, etc. For example, in FIG. 1, the IC chip 1
includes six blocks 11, but the number is not limited to six.
In other embodiments, the IC chip 1 has more or fewer
circuit blocks 11. And at least one slave temperature sensor
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2 is built in each circuit block 11 for measuring working
temperature at a certain position of the block 11.

The master temperature sensor 3 is mounted in the IC chip
1 and is electrically connected to the slave temperature
sensor 2. The master temperature sensor 3 is used to correct
variations of the slave temperature sensor 2 induced by
variations of process, voltage and temperature (PVT). As
shown in FIG. 3, the master temperature sensor 3 consists of
a proportional to absolute temperature (PTAT) bias genera-
tor 31 and an analog-to-digital conversion module 32 that
receives signals from the PTAT bias generator 31. The
analog-to-digital conversion module 32 is a successive
approximation analog-to-digital converter (SAR ADC). In
implementation, a front-end circuit with certain precision
generates a linear signal that is proportional to the absolute
temperature (PTAT). Then the linear signal is converted into
digital code by the SAR ADC. The master temperature
sensor 3 needs a larger areca for implementation due to
disposition of the PTAT bias generator 31 that generates
precise PTAT signals and the analog-to-digital conversion
module 32 that converts signals to digital codes. Refer to
FIG. 4, a circuit diagram of the PTAT bias generator 31
according to the present invention is revealed. The PTAT
bias generator 31 includes a PTAT reference voltage gen-
erator circuit 311 having a pair of bipolar junction transistors
(BJT) 3111, a buffer circuit 312 that receives signals output
from the PTAT reference voltage generator circuit 311
(voltage differential signal between the two BJT) and an
operational amplifier circuit 313 that receives and amplifies
signals output from the buffer circuit 312. The embodiment
is implemented mainly by the concept that the PTAT refer-
ence voltage generator circuit 311 generates a PTAT signal.
Finally the signal is amplified by the operational amplifier
circuit 313 and then is sampled by the analog-to-digital
converter. It should be noted that the above PTAT bias
generator 31 is only an embodiment of the present invention
and is able to be replaced by a current generator with linear
positive temperature dependence revealed in the Taiwanese
Pat. Pub. No. 1337694 “Bandgap reference circuit”. The
current generator with linear positive temperature depen-
dence has the same function as the PTAT bias generator 31
of the present invention and should be considered as an
equivalent change or modification.

Moreover, refer to FIG. 5, a schematic drawing showing
electrical connection of the slave temperature sensor 2 is
revealed. The slave temperature sensor 2 includes an oscil-
lator 21 and a counter 22 electrically connected to the
oscillator 21. The oscillator 21 has an oscillation frequency
that is controlled by a logic coding circuit 23 and is changed
linearly along with the temperature being detected. Then the
oscillation frequency is recorded by the counter 22 and the
counting result is output. It should be noted that the slave
temperature sensor 2 mentioned above is only a preferred
embodiment. It has similar function to the temperature
sensing unit in the technique revealed in the Taiwanese Pat.
1368839. This is an equivalent replacement and should be
considered as an equivalent change or modification.
Although the linearity of the slave temperature sensor 2 is
not high and is easy to have offset with the process, it has
simple structure and small area. The layout area of the slave
temperature sensor 2 is around one fortieth (Y40) of that of
the master temperature sensor 3. Thus the area of the
temperature sensors occupied in the IC chip 1 is dramati-
cally reduced. Therefore a large amount of temperature
sensors can be applied to each block 11 inside the IC chip 1
without occupying too much area.
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While in use, the offset/variation is reduced by output of
the master temperature sensor 3 in the offset correction way
when the slave temperature sensor 2 has output offset/
variation due to PVT variations. This is due to that the output
code of the master temperature sensor 3 will not change a lot
in relative to the process offset. For example, post-simula-
tion results at three corners (TT, SS and FF) of an IC chip
1 are respectively shown in FIG. 6, FIG. 7 and FIG. 8. When
the input temperature of the master temperature sensor 3 is
0 degrees Celsius, the output code is 22. When the input
temperature is 100° C., the output code is 122. The change
of the code is 1 per 1 degree Celsius. The precision of
linearity is 1 degree Celsius. Thus it is reasonably under-
stood that the output code of the master temperature sensor
3 will not have a great change in relative to the process offset
and its linearity in the range of 0° C. to 100° C. is ideal (with
the precision of 1 degree Celsius). Therefore the master
temperature sensor 3 can be used to correct the slave
temperature sensor 2 electrically connected thereto.

Refer to FIG. 9, post-simulation results of the salve
temperature sensor 2 of the present invention at three
corners (TT, SS and FF) of the IC chip 1 are respectively
shown. It is clear that the output code of the salve tempera-
ture sensor 2 at different corner changes a lot. At the corner
TT, the output code is 717 when the temperature is O degrees
Celsius. The output code is 587 when the temperature is 100
degrees Celsius. At the corner SS, the output code is 663
when the temperature is 0 degrees Celsius. The output code
is 539 when the temperature is 100 degrees Celsius. At the
corner FF, the output code is 771 when the temperature is 0
degrees Celsius. The output code is 630 when the tempera-
ture is 100 degrees Celsius. After the variations of the salve
temperature sensor 2 generated due to PVT variations being
corrected by the master temperature sensor 3, the simulation
results are shown in FIG. 10. It is clear that the variation of
the output code at each corner is reduced. Moreover, the
layout area of the salve temperature sensor 2 is 0.001 mm?,
about V4o of that of the master temperature sensor 3. Thereby
the area the temperature sensors required in the IC chip 1 is
significantly reduced and the stability of the temperature
control system is improved. The problem of conventional
SoC (System-on-a-chip) that only a limited number of
temperature sensors could be used due to the area they
occupied can be solved.

Additional advantages and modifications will readily
occur to those skilled in the art. Therefore, the invention in
its broader aspects is not limited to the specific details, and
representative devices shown and described herein. Accord-
ingly, various modifications may be made without departing
from the spirit or scope of the general inventive concept as
defined by the appended claims and their equivalents.

What is claimed is:

1. A multi-point temperature sensing system for an inte-
grated circuit chip having a plurality of blocks executing
specific functions comprising:

at least one slave temperature sensor mounted in each

block, each slave temperature sensor being arranged at
a preset position on the corresponding block for mea-
suring temperature thereat; and

a master temperature sensor embedded in the integrated

circuit chip and electrically connected to the slave
temperature sensors; wherein the master temperature
sensor corrects temperature measurements of the slave
temperature sensor, the master temperature sensor
including corrective circuitry for removing error from
the temperature measurements due to a variation char-



US 9,448,122 B2

7

acteristic of the slave temperature sensor based on
process, voltage and temperature.

2. The system as claimed in claim 1, wherein the master
temperature sensor includes a proportional to absolute tem-
perature (PTAT) bias generator and an analog-to-digital
conversion module that receives signals from the PTAT bias
generator.

3. The system as claimed in claim 2, wherein the analog-
to-digital conversion module is a successive approximation
analog-to-digital converter (SAR ADC).

4. The system as claimed in claim 2, wherein the PTAT
bias generator includes a PTAT reference voltage generator
circuit having a pair of bipolar junction transistors (BJT), a
buffer circuit that receives signals output from the PTAT
reference generator circuit, and an operational amplifier
circuit that receives and amplifies signals output from the
buffer circuit.

5. The system as claimed in claim 1, wherein the slave
temperature sensor includes an oscillator and a counter
electrically connected to the oscillator; the oscillator has an
oscillation frequency that is controlled by a logic coding
circuit and is changed linearly along with temperature being
detected; the counter records the oscillation frequency and
outputs counting results.

6. The system as claimed in claim 1, wherein a layout area
of the slave temperature sensor is around one fortieth (Vo)
of a layout area of the master temperature sensor.

7. A multi-point temperature sensing method for an inte-
grated circuit chip having a plurality of blocks executing
specific functions comprising:

embedding at least one slave temperature sensor in each

block, each slave temperature sensor being arranged at
a preset position on the corresponding block for mea-
suring temperature thereat; and

mounting a master temperature sensor in the integrated

circuit chip, electrically connecting the master tempera-
ture sensor to the slave temperature sensors, and using
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the master temperature sensor to correct temperature
measurements of the slave temperature sensor, the
master temperature sensor including corrective cir-
cuitry for removing error from the temperature mea-
surements due to a variation characteristic of the slave
temperature sensor based on process, voltage and tem-
perature (PVT).

8. The method as claimed in claim 7, wherein the master
temperature sensor removes error from the temperature
measurements of the slave temperature sensor by using
offset correction circuitry.

9. The method as claimed in claim 7, wherein the master
temperature sensor includes a proportional to absolute tem-
perature (PTAT) bias generator and an analog-to-digital
conversion module that receives signals from the PTAT bias
generator and converts the signals to digital codes.

10. The method as claimed in claim 9, wherein the
analog-to-digital conversion module is a successive approxi-
mation analog-to-digital converter (SAR ADC).

11. The method as claimed in claim 9, wherein the PTAT
bias generator includes a PTAT reference voltage generator
circuit having a pair of bipolar junction transistors (BJT), a
buffer circuit that receives signals output from the PTAT
reference generator circuit, and an operational amplifier
circuit that receives and amplifies signals output from the
buffer circuit.

12. The method as claimed in claim 7, wherein the slave
temperature sensor includes an oscillator and a counter
electrically connected to the oscillator; the oscillator has an
oscillation frequency and the oscillation frequency is con-
trolled by a logic coding circuit and is changed linearly
along with temperature being detected; the counter records
the oscillation frequency and outputs counting results.

13. The method as claimed in claim 7, wherein a layout
area of the slave temperature sensor is around one fortieth
(V40) of a layout area of the master temperature sensor.
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